Directional sources offer the advantage of enhancing the sound intensity in the direction of interest so as to improve the detection resolution and increase the signal to noise ratio for underwater sensing and communications. However, when the wavelength is larger than the source size, directivity becomes technically difficult due to the inevitable diffraction, which has been known as the "size-wavelength limitation problem." To achieve desirable directivity, phased array has been introduced in man-made sonar designs, which requires relatively large size of acoustic projector compared to the wavelength. In recent years, metamaterials were developed to realize acoustic trapping, asymmetric transmission, and other specific acoustic transmissions. [1] [2] [3] [4] [5] [6] [7] Gradient-index (GRIN) materials have exhibited a great potential in many applications, such as acoustic wave manipulation, acoustic beam focusing, and ultrasonic imaging below the diffraction limit. [8] [9] [10] [11] [12] [13] The "biomimetic projector" (BioP) with GRIN design can achieve exceptional directivity at the subwavelength scale.
14 However, the half-power beam width and main-lobe amplitude of the BioP were exemplified only for a relatively narrow frequency bandwidth (4 kHz-37 kHz). 14 Previous studies on the dolphin biosonar had shown that the melon as an adipose tissue possesses gradient sound speed property, and it plays an important role in the beam control. [15] [16] [17] [18] [19] It was suggested that the biosonar beam may be modulated by the melon to accommodate dynamic spatial relationships with the prey and complex acoustic surroundings. 20 In order to optimize such devices, more detailed and quantified studies are urgently needed to clarify the physical mechanism of beam directivity manipulation by the GRIN material at the subwavelength scale.
In this letter, we report a BioP design based on the computerized tomography (CT) scan of a pygmy sperm whale, which is known to apply efficient biosonar on the detection, location, and tracking of preys in the ocean. Studies suggested that the pygmy sperm whale's echolocation system is highly tunable, and the acoustic beam can be focused through the melon then into the environment. 21 Our BioP design here consists of a GRIN material to mimic the pygmy sperm whale's melon with a specified gradient sound speed distribution, air cavity to mimic the air sacs, and a steel structure to mimic the skull. We studied the directivity characteristic as a function of the material's velocity gradient for the BioP model using full wave simulations. The effect of GRIN material on the beam control has been assessed by estimating the half-power beam width and main-lobe pressure.
We conducted a CT scan of a pygmy sperm whale carcass on a SOMATOM Definition dual source computerized tomography (DSCT; Siemens, Germany) with 1 mm slice width. 22 Internal structures of the pygmy sperm whale's head were imaged based on multiple projections, which were formed by scanning a thin cross section of the object with a narrow X-ray beam. Sound speed distribution of the pygmy sperm whale's head was extracted as shown in Fig. 1(a) , where the black star indicated the acoustic source position at the phonic lip [17] [18] [19] and the dashed lines outlined the acoustic path region. Three main elements of the biosonar system (i.e., the air sacs, melon, and solid skull) were illustrated in Fig. 1(a) . The brown regions represent the bony skull structure; the blue and green regions represent the soft tissues, including the melon and mandibular fat; the black regions in the pygmy sperm whale's head gave the nasal and air sacs. As shown in Fig. 1(a) , the melon was an adipose tissue possessing gradient sound speed property. The combined effect of air sacs, melon, and skull was important in forming the a)
Authors to whom correspondence should be addressed. Electronic addresses: yuzhang@xmu.edu.cn and dzk@psu.edu directional beam of the biosonar. 19 In order to manipulate an omnidirectional wave produced by a subwavelength source into a directional beam, we designed a BioP by abstracting the three main components in the pygmy sperm whale's CT image, as shown in Fig. 1(b) . The BioP included an air cavity to mimic the air sacs, a GRIN material to mimic the melon, and a steel structure to mimic the skull. The size of the BioP could be obtained from the scale factor in Fig. 1 . Previous experimental data showed that the melon was characterized by low velocity in the inner core and high velocity in the outer region.
14,22 Hence, we used a 2D GRIN material with the following sound speed profile:
cðx; yÞ ¼ c min ; f ðx; yÞ 20 c min þ bf ðx; yÞ; f ðx; yÞ > 20; (1) where c min is the lowest velocity, b is an adjustable gradient coefficient, and f(x, y) is a piecewise linear function given by
The sound channel angle h is the angle between the channel of the lowest sound velocity and the x axis. The velocity change rate of the GRIN material can be described by the gradient coefficient b. A 2D GRIN material can be considered as a discrete layered medium where each layer was assumed homogenous and isotropic. One can physically realize this discrete layered medium by adjusting the sound speed in each layer to fit a predefined velocity profile. According to the effective medium theory, we can use the beryllium cylinder clusters in water to realize the gradient sound velocity c (in beryllium, the longitudinal sound speed c l ¼ 12 800 m/s, the transverse sound speed c t ¼ 8170 m/s, and the density q ¼ 1820 kg/m 3 ). By changing the radius of the beryllium cylinders, 23, 24 the filling ratio increased from 0.05 to 0.9, corresponding to the sound speed increasing from 1516.4 m/s to 3484.6 m/s. In this work, the max of the b is 18, the corresponding maximum sound speed is 3385 m/ s; hence, the value of the b is in a reasonable range and the GRIN material is realizable.
We set the parameters as follows: in steel, the longitudinal sound speed is c l ¼ 5780 m/s, transverse sound speed is c t ¼ 3300 m/s, and the density is In order to study the influence of the velocity gradient on the BioP's directivity characteristic accurately, we set the GRIN material density q G ¼ 1500 kg/m 3 . Of course, the density of the GRIN material could be gradient too, but based on our numerical simulations, the density change has no influence to the directivity characteristic of a BioP.
Finite element simulations were performed to study the BioP by setting the gradient coefficient b to 15 and the h to 0 . A 2D model was built by using the Comsol Multiphysics software. The Acoustic-Solid Interaction and Frequency Domain Analysis were performed. The complete mesh consists of 2 086 308 elements within a 1 m radius circle and the maximum element size is 3 mm. Plane wave radiation was used on the boundary to avoid reflection. From the subwavelength line source with the length L ¼ 10 mm (the shape of the cross-sectional area of the line source is a rectangle for which the length is 10 mm and the width is 0.01 mm; its length is much more than its width, therefore, it can be considered as a line source), a continuous wave signal with the frequency of f ¼ 33 kHz was emitted, as shown in the amplified dashed region of Fig. 2(a) . Due to diffraction, the subwavelength line source (L < k) produced a divergent wave in the structure. The GRIN material caused the omnidirectional wave to bend towards the low velocity channel as it propagates, then transmitted out as a strong directional wave as shown in Fig. 2(b) . In other words, the collective effect of air cavity, GRIN material, and steel structure in the BioP can manipulate the omnidirectional wave generated from the subwavelength source into a highly directional one. The normalized absolute acoustic pressure distributions of the subwavelength source with and without the BioP at the distance of r ¼ 1 m were given in Fig. 2(c) . Compared with a 10 mm linear source, the BioP produced not only much higher acoustic wave directivity but also a significantly higher acoustic pressure in the direction of interest. Fig. 2(d) shows the frequency responses of the half-power beam width for the source with and without the BioP, where h À3dB represents the half-power (À3 dB) point of the main-lobe, and the frequencies lower than c w /L are the subwavelength region (in which L < k). The frequency range from 10 kHz to 80 kHz corresponds to the ratio of device length over the wavelength range of 0.06 < L/ k < 0.6. In this frequency range, the subwavelength source was omnidirectional, while the BioP possessed a high directivity with the h À3dB decreased from 31.5 to 5.9
. For frequencies between 35 kHz and 80 kHz, the h À3dB was less than 10 . In general, two objects with their angular separation exceeding h À3dB were considered distinguishable by the sonar. In the frequency range from 10 kHz to 80 kHz, the angular resolution of the BioP is only 1/6-1/31 of the 180 angular resolution of the subwavelength source without the BioP. Thus, in comparison with the bare subwavelength source, the BioP increased the angular resolution by more than one order of magnitude. In addition, the BioP can be approximated by a line source with its effective length L to form such directional acoustic field. For an equivalent h À3dB , L of the BioP was estimated to be 286 mm at 33 kHz according to the theoretical solution of L ¼ 0:44k= sin ðh À3dB =2Þ of a line source, 25 which was more than 28 times of the 10 mm total source length. This indicates that the BioP could sufficiently reduce the source size to facilitate the design of miniaturized directional sonar. The BioP mimicking the pygmy sperm whale's biosonar broke the size-wavelength limitation of traditional acoustic transducers.
Recently, Wisniewska et al. suggested that porpoises can adjust acoustic beamwidth of their biosonar to detect a target. 20 A narrow beam is used for targeting the prey at long distance while a broad beam is advantageous to the porpoises at a close range to reduce the likelihood of prey escaping from its acoustic field of view. The dynamical adjustment by the melon is accommodating a spatial relationship with the prey and acoustic complexity of surroundings. The physical mechanism of the melon's modulation was to change the acoustic path within the melon. For a BioP, the velocity gradient modulation of the GRIN material would affect the acoustic path, so that the study on the GRIN material could help us better understand the controlling mechanism of the biosonar system.
To investigate the influence of velocity gradient on the BioP performance, we changed the gradient coefficient b as shown in Fig. 3 (the sound channel angle h equals to 0 ). When b ¼ 0 (Fig. 3(a) ), the wave was directional but has several side beams. With the increase of b, the number of side beams decreased. The dependence of the half-power beam width h À3dB of the BioP on b is shown in Fig. 3(b) . The h À3dB decreased from 15.9 to 9.2 while b increased from 9 to 18. When b was smaller than 9, in contrast with Fig. 3(c) , although the h À3dB seems to be smaller, the pressure amplitude of the main lobe is lower. The pressure amplitude of the side lobe was almost the same as that of the main lobe when b ¼ 1 and 8. The value of the side lobe pressure was always higher than the value of half-power point. It can be clearly seen that the b value affects the pressure amplitude of the main lobe as well as h À3 dB . As shown in Fig. 3(c) , the pressure amplitude of the main lobe increased with b for b > 9, reached a maximum at b ¼ 15, then begin to decrease with b. And the pressure amplitude of the side lobe also follows the same trend. Clearly, the influence of velocity gradient on the BioP performance is quite significant. The beam was separated into several beams when b is too small or too large. The GRIN material is very effective to increase the main lobe energy and reduce the side lobe energies. The beam is a unidirectional single beam only when b is within a suitable range. Therefore, one can manipulate the acoustic wave In order to analyze if the density gradient of the GRIN has any effect on directional beam formation of the BioP, we now set the sound speed of the GRIN material as a constant c G ¼ 1500 m/s and make its density to have gradient change. The density gradient is defined as qðx; yÞ ¼ q cen ; f ðx; yÞ 20 q cen þ cf ðx; yÞ; f ðx; yÞ > 20; (3) where q cen is the density of the center core, c is an adjustable gradient coefficient, and f(x, y) is given in Eq. (2) . For a positive c, low density appears in the center of the GRIN material, while for a negative c, the center of the GRIN material has higher density. From Fig. 3(d) , if the sound speed of the GRIN is a constant, no matter c is positive or negative, waves do not form a single directional beam, i.e., the directivity of the main-lobe and the number of the side lobe remain unchanged. As shown in Fig. 3(e) , the h À3dB also did not vary with c. Therefore, the density gradient of the GRIN material does not significantly influence the directional distribution of acoustic radiation pressure, but the amplitude of the acoustic radiation pressure slowly decreases with the increase of c as shown in Fig. 3(f) .
In a bioacoustic study, Au et al. found that a whale could flexibly adjust the beam directionality even when its head movement was restricted. 26 This beam direction tunability might be associated with the complex facial musculature of the whale, for example, the melon could change the sound channel direction by certain induced deformation, which provided another way to modulate the wave propagation of the BioP. In Fig. 4(a) , the sound channel direction was set along the x-axis. It causes the propagation angle u 1 of the wave to approach 0 . Then we changed the direction of the sound channel. It could be seen that when h equals to 4 , u was 3:2 and when h ¼ À8 , u ¼ À7 . Numerical simulations showed that the sound channel with low velocity manipulated the direction of the emergent wave. The linear relationship between simulation data and the theoretical prediction of u ¼ h can be clearly seen in Fig. 4(b) . From the above analysis, the GRIN material in the BioP not only controls the half-power beam width and the mainlobe energy but also regulates the transmission direction of the wave.
In summary, we have designed and analyzed a biomimetic projector based on the biosonar structure of a sperm whale. This BioP consists of an air cavity, a GRIN material, and steel structure mimicking the air sacs, melon, and skull of the sperm whale, respectively. The dependence of the BioP performance on the velocity gradient of the GRIN material has been analyzed theoretically. The half-power beam width varies with the velocity gradient of the GRIN material, which gives us an effective way to control the beam of the BioP. With an optimized velocity gradient, the BioP has an excellent directivity at the subwavelength scale in a wide frequency range (10 kHz-100 kHz). For the subwavelength source with a frequency of f ¼ 33 kHz and length L ¼ 10 mm, the half-power beam width of BioP is only 9 , which is 1/20th of the angular resolution of the subwavelength source without the BioP, and the mainlobe pressure is five times as high as that of the bare source without the BioP. In addition, the change of the velocity gradient could also steer the sound wave emitted from the BioP. These results provide a theoretical foundation for the optimization and application of the BioP in related acoustic fields. 
